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ABSTRACT
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Super-austenitic Stainless Steel (SASS) is a family grade of stainless steel (SS) mainly with
signal-phase austenitic microstructure. SASS have been attracted several applications in
oil & gas, power, petrochemical and water treatment industries due to their inherently
mechanical properties (ductility and failure resistance) and great resistivity to corrosion.
This study investigates the heat treatment effect on the alloy UNS N08029 (Alloy 29). The
solution annealing of cold rolled super austenitic stainless steel UN08029 alloy was carried
out to investigate the role of solutionizing duration and temperature on the electrochemical
corrosion and pitting resistance of the alloy. Linear polarization, cyclic potentiodynamic,
and electrochemical impedance spectroscopy techniques were used to evaluate the
electrochemical behvaior in 3.5% NaCl solution. The microstructural analysis of the
solutionized samples revealed the occurrence of recrystallization from elongated columnar
grains to uniform equiaxed grains, which size increases with duration and temperature. The
charge transfer resistance shows an increasing corrosion protectiveness of 65%, 67%, 69%,
75%, 72% and 80 % after solutionizing for a duration of 30, 60, 90, 120, 180 and 240 min,
respectively. Similarly, the resistance of the alloy was also increased by about 73%, 71%,
75%, and 42 % after solutionizing at temperatures of 1000°C, 1100°C, 1200°C, and
1300°C, respectively. In general, the solutionized samples demonstrated improved
resistance over the As-Received alloy and this behavior increases with solutionizing
duration and temperature. Though, the pitting potential drops below that of the As-
Received, the hysteresis loop revealed that the solutionized samples are less prone to pitting

damage and the sample solutionized at 1200°C for 120 min exhibited optimum pitting
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corrosion resistance. The microstructural, hardness, elasticity and CPT influences on the

corrosion and corrosion-rate were also discussed.
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CHAPTER 1

1.1. INTRODUCTION

Fe-Ni based alloy, Super-austenitic Stainless Steel (SASS) or High-Alloy
Austenitic Stainless Steel (HAASS) are a family grade of stainless steel (SS) mainly with
signal-phase austenitic microstructure [1]. Super austenitic stainless steel is a type of
stainless steel that has even higher levels of corrosion resistance than traditional austenitic
stainless steel. It contains a higher percentage of nickel, chromium, and molybdenum,
which helps to improve its resistance to various types of corrosion, including crevice
corrosion, pitting corrosion, and stress corrosion cracking [2]-[7]. SASS have been
attracted several applications in oil & gas, power, petrochemical and water treatment
industries due to their inherently mechanical properties (ductility and failure resistance)
and great resistivity to corrosion. In addition to favourable cost-effective, Fe-Ni based
alloys used in a highly corrosive environment such as phosphoric acid evaporator tubes,
deep and sour gas well production tubing, casing, and liners, nuclear power plant heat
exchangers, seawater piping and heat exchangers [2]-[7]. Alloying elements and impurities
that are mixed with steel have a significant impact on austenite, ferrite, and cementite phase
formation. The combination of alloying ingredients and exerted heat treatment program
result in a wide range of microstructures and characteristics of an alloy. The austenitic
phase is stabilized mainly when a high percentage of nickel and chromium elements exist
[1]. The microstructural properties of alloys, in general, have a significant impact on their
performance. During the heat treatment and welding procedures of many heavily alloyed

steels, a range of desirable and undesirable precipitates occur, which can have a significant
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impact on the mechanical properties and corrosion resistance of the steels [3]. SASS are
commonly utilized in applications that require a higher level of pitting corrosion resistance.
When highly alloyed steels are exposed to higher temperatures (550-1050°C), various
secondary phases develop, influencing both mechanical characteristics and corrosion
resistance [8]. o-phase has been found to be the most important intermetallic phase formed
following heat treatment [8], [9]. It forms as austenite decomposes, releasing huge amounts
of chromium and occasionally molybdenum into the austenitic matrix, forming Cr-rich
compounds that deteriorate the steel's overall corrosion resistance [8]-[11]. The hard and
brittle o-phase transforms ductile austenitic steel into brittle steel when created in large
volume fractions. Metal carbides, Cr-nitrides, x-phase (Chi-phase), and Laves phase are
other frequent secondary phases that occur during the ageing of SASS [8]-[11]. This study
investigates the heat treatment effect on the alloy UNS N08029 (Alloy 29) from the
HAASS grade. Heat treatment is an economical approach that can be employed to further
improve the corrosion properties of UNS N08029 alloy amidst the increasingly harsh
environments and extreme conditions that are encountered by the oil & gas and other
industries. Alloy 29 is developed specifically for improved localized corrosion resistance
where the environment contains high chloride concentrations, CO, and H.S at high
temperatures in which such an environment causes corrosion in lower alloyed materials.
Annealing might be summarize as heating a metal above a critical temperature range,
holding for a certain period of time, and slowly cooling [1]. Solution annealing is a heat
treatment process which alters the metallurgical structure of a material to decrease metal
crack sensitivity of aged material that needs to be returned to a weldable state. Several

specialized heat treatments are applied to Oil & Gas and refinery equipment either to
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enhance corrosion resistance in certain environments, facilitate in-service repair, or restore
mechanical properties that have deteriorated during long-term service. For instance, heat
treatment is applied prior to weld repair of alloys after long-term exposure in high-
temperature service which called De-embrittlement process according to ASME and API
terminologies. De-embrittlement restores ductility to the material so that welding repairs
can be successfully made free of cracking. Similarly, Dehydrogenation (heat treatment
process) is normally applied to steels prior to repair welding of refinery equipment exposed
to services that can cause hydrogen-induced cracking (HIC). These services include wet
hydrogen sulfide service, high-pressure/high-temperature hydrogen service, caustic
service, or amine service. intended to help avoid delayed hydrogen cracking during or after
repair welding which primarily intended to help avoid delayed hydrogen cracking during
or after repair welding. Additionally, Post weld heat treatment (PWHT) conditions the
weldment following welding. Its application, or misapplication, can dramatically affect in-
service corrosion performance. PWHT is conducted at an elevated temperature, slightly
below the transformation temperature for the alloy involved. The PWHT temperature is
high enough for stress to flow and hard microstructures to temper. This results in reduced
residual stress and a softer weld and heat-affected zone (HAZ). Super austenitic stainless
steel can be exposed to high temperatures in a variety of industrial applications, including
chemical processing, power generation, and oil and gas production. Some common causes

of high temperature exposure in super austenitic stainless steel include:

Welding: Welding can generate high temperatures in the steel, particularly if the

welding process is not properly controlled. The heat generated during welding can cause
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sensitization and sigma phase formation, which can reduce the steel's corrosion resistance

and mechanical properties.

Heat treatment: As mentioned earlier, heat treatment can be used to improve the
mechanical properties and corrosion resistance of super austenitic stainless steel. However,
if the steel is exposed to high temperatures for too long or at too high of a temperature, it

can lead to the formation of sigma phase and other types of degradation.

Elevated temperature service: Super austenitic stainless steel may be exposed to
high temperatures during its normal service life, such as in high-temperature chemical
processing or power generation applications. In these cases, the steel may need to be
specially designed and selected to withstand the specific temperature and environmental

conditions.

Fire exposure: In the event of a fire or other high-temperature event, super
austenitic stainless steel may be exposed to temperatures well beyond its normal operating
range. In these cases, the steel may need to be inspected and potentially replaced to ensure

that it remains safe and functional.

Overall, it is important to consider the potential for high temperature exposure when
selecting and using super austenitic stainless steel, and to take appropriate measures to

prevent degradation and ensure optimal performance.

Aforementioned paragraphs describe the importance of heat treatment (specifically
solutionizing/annealing) which is the sole aim of this project because the heat treatment of

metals and alloys often affects corrosion resistance, and once optimum heat treatment
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program is specified, it is essential to be a major quality control limit of heat treatment
operations such as importance of assuring that the proper austenitizing/annealing
temperature and duration, the type of quenching media, aging temperature. However, to
the best of our knowledge, no study has been conducted to investigate the effect of heat
treatment on the corrosion properties of SASS UNS NO08029 grade. Furthermore, there is
no strategical study that evaluates the influence of annealing temperature and annealing
duration, with the sole aim of attaining an optimum heat treatment program for this alloy
grade. Therefore, this project is aimed to reveal the relationship between the composition
and microstructural distribution in the deferent phase alloy and the corresponding effect on

the corrosion properties for this alloy.
1.2. THESIS OBJECTIVES

The main objective of the project is to investigate the influence of selected heat
treatment programs on the corrosion behavior of super-austenitic stainless steel UNS 08029
(Alloy 29) in 0.6 M NaCl corrosive environment. This investigation is aimed at designing
an optimum heat treatment program with the best corrosion behavior.

The specific objectives are:

1. Characterization of the heat-treated sample to understand the effect of the selected
heat treatments on the microstructural evolution.

2. Evaluating the corrosion behavior of the treated samples in an aggressive
environment and this will be compared with the untreated alloy (as received) as a
control.

3. An optimum heat treatment program with the best corrosion performance will be

designed.
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CHAPTER 2

2.1. LITERATURE REVIEW

Alloying elements and impurities that are paired with ferrite, austenite, and
cementite along with heat treatment result in a wide range of microstructures and
characteristics in steels which can be categorized into two groups; i) Austenite Stabilizers
ii) Ferrite Stabilizers (see Table 1) [1].

Table 1 Effect of Alloying Elements on Steel Matrix [1]

Austenite Stabilizers Ferrite Stabilizers
(expending y-field) (contracting y-field)

Mo, Si, Cr, W, P, Al, Sn, Sb,

C, Co, Ni, Cu, Mn, N As. Zr.Nb, B, S. Ce

Figures 1, 2 & 3 show that carbon, nitrogen and nickel levels will increase in conjunction
with chromium levels in order to stabilize austenite respectively, from the aforementioned
figures, alloys having 13wt% Cr, must have a C concentration greater than 0.15wt% and
heat treated to at least 950°C to complete phase austenitization. Similarly, alloys with a
higher chromium content, such as 17wt%, must have a C percentage greater than 0.3wt%
and heat-treated to at least 1100°C. As previously stated, both N and Ni are enlarging the
y-loop. There are two types of intermetallic phases (see Figure 4) that can be generally
categorize in stainless steels as shown in Table 2. The most common heat treatment for

austenitic stainless steels is solution annealing [1].
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Table 2 Intermetallic Phases Classification [1]

Topologically Close-Packed Geometrically Close-Packed
(TCP) Phases Phases (GCP)
g,y , Laves (n), G, R, Mu () y',v", n -NisTi, §-NizNb

The primary purpose of this treatment is to dissolve the phases that formed during the
material's thermomechanical processing, particularly chromium-rich carbides of the M23Ce
type, where M could be Cr, Fe, and/or Mo. Because M23Cs precipitates at temperatures
between 450 and 900°C, the lower temperature limit for solution annealing should be over
900°C. Carbides should be dissolved; however, they take a long time to dissolve. The
highest solution-annealing temperature is limited by grain growth. It's very important to
avoid irregular grain development, commonly known as secondary recrystallization. It is
worth to highlighting that compounds must not be confused with chemical compounds,
therefore phases with crystallographic structures that differ from the components they are
made up of have a different form of bonding than crystals and a chemically significant ratio
[1]-[3]. For instance, alloy containing solid phases including two or more metallic or semi-
metallic elements arranged in an ordered structure, such as iron compounds with non-
carbides forming elements such as (Ni, Si, Co, Al, Cu,N), are known as intermetallic
compounds. Nitrides in other hand, which is a chemical compound, formed when N level
is greater than 0.015 % in steel and form chemical compounds with iron and/or with

carbides forming elements such as (Cr, Mn, Mo, W, V, Ti, Zr, Nb) [1].
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The sigma (o) phase is definitely one of the most investigated intermetallic compounds.
Precipitation in austenitic stainless steel takes hundreds or even thousands of hours, and
the precipitated volumetric percentage is usually less than 5% [1]-[3]. When compared to
the original austenite, usually precipitation is represented by the reaction y - y* +
o where y* is a Cr & Mo (o Stabilizers) depleted austenite. Precipitation is more common

around grain interfaces, particularly triple spots [8]-[12].

1600 -

1400

1400°C

1200

0.25% C

1000

Temperature (°C)

800

I I
] i I
I | o |
| l L l
0 10 13 20 24 27 30

Cr (wi%)
Figure 1 Ternary Fe—Cr—C Diagram on The Temperature x% Cr (in wt%o) Plane [1]

Yan Jiang et al. investigated the evolution of the sigma phase in a commercial HAASS
alloy N08028 (Ni-32, Cr-26.69, Mo-3.3 Mn-0.9, Fe-bal. [nominal wt%]) in which water
was quenched after a 2-hour solution annealing treatment at 1200°C, followed by aging at
900, 950, and 1000°C for periods ranging from 0.5 to 16 hours. They found that the sigma
phase, in any event, tends to break out with a granular shape at grain boundaries first, and

that as time passes, it is forced to precipitate with a lamellar structure in grain interiors.

8 of 77



This sequence occurs due to solute atom redistribution and the difference in
thermodynamic driving force and kinetic activation energy coupling effects between inter-
granular and intra-granular precipitation. Furthermore, they reported that the volume
fraction of the sigma phase increases as the aging temperature decreases, and that the
distribution position has a significant impact on the morphology of the sigma phase by

changing the competition between interface and strain energy [2].

1500 . T

T T 2732
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2 1200 NN Q / 2192 @
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& 0.015% N :\ \ 5
2 1M00—— 0.013%C ) / 7 2012 o
e -
1000 —— 0.002% N = 4 1832
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2 |
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800 1472
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Figure 2 Austenitic Loop Expansion With Nitrogen Content (in wt%o) [1]
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Figure 3 Austenitic Loop Expansion with Ni Content (in wt%) in Ternary Fe—Cr—Ni Alloys [1]

The relationship between microstructure and characteristics of SASS grades S31254 (Ni-
18.16, Cr-20.02, M0-5.98 Mn-0.47, N-0.214, Cu-0.65, Fe-bal. [nominal wt%]) and S32654
(Ni-21.58, Cr-24.19, Mo-7.24 Mn-3.43, N-0.497, Cu-0.38, Fe-bal. [nominal wt%]) was
investigated by T. Koutsoukis et al [8]. Air cold after heat treatments takes place between
650 and 950 °C, with a step of 100 °C, aged between 0.5 and 3000 hours and then water
guenched. After the aging period, the study revealed 4 different types of precipitates: o-
phase, x-phase, Laves phase, and B-Cr2N nitride. Results show that Laves phase is the first
secondary phase to form, followed by o -phase, y -phase and B-Cr2N as time goes on. At
an ageing temperature of 950 °C, the full change of Laves phase to the sigma phase and/or
dissolving in the matrix happen within 240-h. In both alloys, precipitation of predominantly
Laves phase and o-phase resulted in an increase in hardness values at all temperatures [8].
The influence of heat treatment on the microstructure and corrosion behavior is
investigated by L.N. Zhang et al. [3].
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For the same aging time, they reported that the precipitation rate is higher at 900 °C than
at 850 and 950 °C. According to the thermodynamic calculations presented in Figure 5, o-
phase begins to form at 1090 °C and reaches its maximum temperature around 600 °C,
carbide first occurs at 1060 °C and remains quite low throughout the precipitation
temperature range. Hence, the sigma phase is the most important component in
precipitation in Alloy 28. Furthermore, as aging time progresses, the hardness and
intermetallic precipitation increase. Similarly, when the amount of precipitates increases,
the corrosion rate increases, implying that the presence of precipitates reduces corrosion
resistance [3]. J. Anburaj et al. reported that Alloy-7Mo (Ni-16.23, Cr-20.47, Mo-7.26 Mn-
0.61, N-0.37, Cu-0.4, Fe-bal. [nominal wt%]) was heat treated at 1250°C for three hours
and then aged at 500 to 1000°C for one hour and ten hours. At 900°C, sigma is richer in
Mo and can be deleterious to SASS toughness due to susceptibility for de-cohesion with
the austenite matrix [13]. The influence of cooling rate following heat treatment on pitting
corrosion SDSS of UNS S32750 (Ni-6.8, Cr-25, Mo-3.8 Mn-0.79, N-0.27, Cu-0.18, Fe-

bal. [nominal wt%]) was investigated by Byung-Hyun Shin et al [14]. The austenite volume
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fraction increased while the ferrite volume fraction fell when the cooling rate was reduced
from 5,600.0 J/s (water cooling) to 1.9 J/s (air cooling) at the same temperature. At all
temperatures, lowering the cooling rate to 0.4 J/s (furnace cooling) improved the
precipitation of the secondary phases [14]. Table 3 summarized the finding of literature
review of austenitic stainless steel undergone thought heat-treatment processes and
correlated microstructural findings. It is observed that most of the studies are focusing on
aging temperature. It is confirmed that precipitations are invadable during the aging
process. o-phase, carbides, x-phase, Laves phase and B-Cr2N nitride are the comment type
of precipitations. Whereas o-phase is the predominant secondary phase formed for
commercially available SASS. Aging time have been reported from 0.5 to 3000 hours in a
temperature range of 650 to 950°C and the findings confirmed that the precipitates always
tend to separate out primarily at grain boundaries, and then arise at grain interiors. Studies
confirms the formation of the precipitates but differs in shape and volume fraction, and is
in proportion to aging time and temperature. In addition, the carbides have granular
structure, the o phase forms short rod-like structures. With the increase of aging time,
precipitates at grain boundaries are coarsening and also form continuous chain structures.
Moreover, the needle-like o phase is formed in grains with an increase of the holding time.
However, y-phase, Laves phase and B-Cr2N are not reported to be presence in N08028 or
N08029 grades of SASS. Whereas, they are commonly found in commercial grades of SS
or HAASS. S31254, S32654 and Alloy-7Mo are the most commonly grades of SASS found
to form y-phase, Laves phase and $-Cr2N at relatively low heat-treatment temperatures and
durations. Moreover, starting from 800 °C and above along with longer duration full

transformation begins to sigma and carbides phases.
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Most available studies on SASS only investigated selected annealing temperatures without

investigating the duration. Furthermore, studies which focused on the influence of heat-

treatment on the corrosion properties for the SASS are very rare. This might be because

they are considered from the emerging grade of austenitic stainless steels. The influence of

heat-treatment on the microstructure and thus the corrosion behavior, of metallic alloys

differs depending on the pre-processing condition, composition of the alloy, and the heat

treatment program selected as well as the targeted properties to improve. Therefore, heat

treatment programs are usually developed for specific alloy.

Table 3 literature review of austenitic stainless steel HT programs and microstructural findings

Solution annealing Aging

Ref  Alloy conditions conditions

Microstructure findings

Aged at 900, 950
Solution treated at and 1000 °C for
[2] NO08028 1200 °C for 2 h, a time duration
water quenching ranging from 0.5
hto16h

The o phase always tends to separate out
primarily at GBs, and then arise at Gls. This
multi-stage behavior is correlated with the
redistribution of solute atoms and with the
difference in  coupling effect of
thermodynamic driving force and kinetic
activation energy between the intergranular
and the intragranular precipitation. The
volume fraction of o phase increases with a
decrease in aging temperature and this can
be explained by the effects of atom
diffusion, solid solubility and supercooling
degree of phase transition.

Aged at
[3] Solution treatment at 850 °C/2 h,
N08028 1200 °C for 0.5 h, 900°C/0.5,2,5h,
water quenching 950 °C/2 h
air cooled

The precipitates preferentially form at the
grain boundaries, the carbides have granular
structure, the o phase forms short rod-like
structures. With the increase of aging time,
precipitates at grain boundaries are
coarsening and also form continuous chain
structures. Moreover, the needle-like o
phase is formed in grains with an increase of
the holding time.
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Solution treatment in

Aged at 850 °C

(i) At least four different types of
precipitates, -phase, y-phase, Laves phase
and B-CroN  nitride, were identified
following ageing of S32654 and S31254
within the temperature range of 650-950 °C.
At all temperatures, Laves phase is the first
secondary phase forming, followed by o-
phase and then at longer ageing times Y-

S31254 range  650-950°C gzra??gn Cranfoé phase and the B-Cr,N nitride also form. Full
[8] and with a step of 100°C 9 transformation of Laves phase to o-phase
e 0.5 -3000 h, o A o -
S32654 for unspecified and/or its dissolution in the austenitic matrix
. . followed by L
duration, air cooled . takes place for time intervals over 240-h at
water quenching . o
an ageing temperature of 950 °C.
(i) Full transformation of Laves phase to -
phase and/or its dissolution in the austenitic
matrix takes place for time intervals over
240 h at an ageing temperature of 950 °C.
The cold rolled SASS S32654 and S31254
Aged at 650, . -
are susceptible to formation of secondary
750, 850 or . . S
S31254 . 13 phases following aging within the
No solution treatment  950°C o :
[9] and temperature range of 650-950°C, in
has been conducted for 1, 24 or 120 . O
532654 proportion to aging time and temperature,
h, followed by ith h L bei h
water quenching with  o-phase precipitates being the
predominant, varying in morphology.
(i) o-phase is the predominant secondary
phase formed on all stainless grades studied
but differs in shape and volume fraction, and
Aged at 650, is in proportion to aging time and
750, 850 or temperature. Well dispersed precipitates of
S31254  Solution treatment at  950°C size up to 10 um were detected in S32654
[10] and 1080 °C for 1 h, for 1, 24, 120, and S31254 SASS alloys.
S32654  water quenching 240, 500 and
1000 h, followed (ii) intermetallic precipitation of o-phase
by air cooled starts early at elevated temperatures, while
its formation is delayed at 650°C, implying
faster kinetics with the increase in aging
temperature.
(i) In NO and N1 alloys with and without
nitrogen, the dominant second phase found
. in solution-treated and isothermally aged
SASS _ Aged at 900°C  samples was the intermetallic sigma phase.
a||0yS Solutloc[’l treatment at fOI‘ duratlon From SAD patterns and Stereographic
[11] "o 1170 °C for 1 h, range O -168 h, projection, the main orientation relationship
N1@  Water quenching followed by petween sigma phase and austenite matrix

water quenching

was determined to be (111),//(001),,

[110],//[110], . Another less frequent
orientation relationship was also found.
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(i) Two types of carbides (M23Cs and MgC)
that showed the same orientation
relationship with matrix were found in both
NO and N1 specimens. In spite of the similar
FCC structures and very close lattice
parameters of these two carbides, the
different space groups of MsC and M23Cs
(Fd3m and Fm3m, respectively) permitted
unique identification.

[12]

N08028

Solution treatment at
1150 °C for 5 min,
furnace cooled at
cooling rate of about
300°C/s from 1
150°C to 800°C), and
finally rapidly
quenched. The times
at target temperature
were 100, 300, 1000,
3000, 10000, and
30000 s

No ageing has
been conducted

It was found that the sigma growth was
diffusion limited after an initial nucleation
period of about 300 s. APT showed very
sharp interfaces between the austenite and
the sigma phase, consistently narrower than
1 nm. By combining the growth Kinetics
from the electron micrographs with atomic
resolution composition data on the
sigma/austenite interface, it was possible to
determine diffusion coefficients for the rate
limiting elements that compare well with
values found in general databases. The
method used in this paper provides a direct
measurement of the propagation velocities
of the phase boundary, for grain boundary as
well as lattice diffusion. The diffusion
coefficients along the grain boundary were
calculated to about 250 times that of lattice
diffusion.

[13]

Alloy-
Mo

Solution treatment at
1250 °C for
unspecified duration

Aged at range of
500-1000°C
with a step of

100°C
duration
and10 h

for
1 h

(i) yx-phase was observed at ageing
temperatures up to 800 °C and above this
temperature it is unstable and gives rise to
sigma. The elemental composition of y-
phase varies with temperature.

(i) Sigma began to precipitate from
temperatures of 850°C on, reached its
highest concentration between 900°C and
1000°C, and dissolved completely above
1050°C. The elemental composition of
sigma does not vary with temperature.
Sigma shows a tendency of decohesion with
austenite matrix and shows cleavage
fracture.

(1) Chemical Composition [nominal wt%] (Ni-21.36, Cr-21.86, Mo-6 Mn-0.64, N-0.007, Al-0.08, Fe-bal.)
(2) Chemical Composition [nominal wt%] (Ni-21.78, Cr-21.87, Mo-6.05 Mn-0.64, N-0.295, Al-0.085, Fe-bal.)
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CHAPTER 33

3.1. EXPERIMENTAL PROCEDURE

3.1.1 AS RECEIVED SAMPLE [UNS N08029 (Alloy 29) - SANICRO® 29]

Alloy 29 is utilized in sour gas wells for high-strength downhole production tubing, casing,
and liners. This includes high-temperature conditions, high CO> and H.S partial pressures,
and high chloride concentrations as stated in the supplied datasheet. Table 4 shows standard
UNS NO08029 chemical composition and minimum PRE number (Pitting Resistance

Equivalent) which have been calculated by using equation (2.2).

PRE = %Cr + 3.3 X %Mo + 16 X %N (3.1.1)

Table 4 Alloy 29 Chemical Composition (nominal) %
C Si Mn P S Cr Ni Mo Cu N PRN

<0.020 <0.7 <2.0 <0.020 <0.015 27 335 44 10 <0.1 42

The non-equilibrium diagram by Schaeffler (see Figure 6) could be a valuable equilibrium-
phase diagram for predicting the microstructure of an alloy. The alloying components were
separated into four groups in the diagram; i) ferrite ii) austenite and iii) martensite iv)
duplex alloys. Each group's elements could be expressed as chromium equivalents and
nickel equivalents. The microstructures visible in each class of stainless steel are
represented by the diagram's regions. Figure 6 confirms imperially that Alloy 29 is super-

austenitic stainless steel by using Table 4 chemical composition [1].
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Figure 6 Schaeffler’s Constitution Diagram for Stainless Steels [1]

3.1.2 HEAT TREATMENT PROGRAM

The literature review aimed to optimize number of experimental samples and obtain
efficient results. In this experiment ageing temperature has been chosen as 900°C, due to
lower precipitation rate at 900 °C compared to 850 °C and 950°C, and minimize aging
duration to 0.5 hour [3]. Increasing the aging time will increase secondary phases
precipitation along with transformation of y-phase, Laves phase and other carbide phase
into the sigma phase [8]. Moreover, the sigma phase has the highest reported Kinetic energy
at 900°C when aged for 2 h which will be avoided in this HT program of Alloy 29 to obtain
best corrosion behavior. Figure 7 shows the experimental path to obtain an optimum heat

treatment program. Experiment matrix and flow chart divided into two phases; In the 1%
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phase of the heat treatment, the samples were annealed at 1200°C for different durations
of 30, 60, 90, 120, 180 and 240 min and tagged as A12T30, A12T60, A12T90, A12T120,
A12T180 and A12T240, respectively. This phase of HT program was aimed at assessing
the effect of annealing duration on corrosion behavior. Thereafter, an optimum duration
based on the corrosion evaluation was maintained for the second phase of the annealing
HT program. The 2" phase designed for understanding the influence of annealing
temperature on the corrosion behavior of alloy 29. The samples were then annealed at
different temperatures of 1000, 1100, 1200, and 1300°C for 120 min and then tagged as
Al10T120, A11T120, A12 T120, and A13T120, respectively. The detailed solution
annealing heat treatment program showing the relation between the two phases is
schematized in Figure 7. All solution annealed heat-treated samples were quenched in
water to room temperature and thereafter aged at 900°C for 0.5h before they were air
cooled to room temperature and submitted for further characterization and testing.

In summary, we anticipate significant improvement on the as received alloy 29 samples
after applying the heat treatment program. By fixing aging temperature and duration, we
anticipate appearance of higher concertation fraction of o-phase than y-phase, Laves phase
and other carbide phases. Moreover, after heat treatment the o-phase expected to show less
concertation fraction at grain interiors as well as grain boundary in comparison with the as
received sample. Therefore, mechanical properties shall be reacted accordingly by showing

significant reduction in hardness values and better corrosion resistance test performance.
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B CHAPTER3

Phase 1 Effect of solution duration
. Solution | Duration
Specimen ID )
temp. (min)
As-Received
A12T30 30
A12T60 60
A12T90 . 90 .
A12T120 1200 °C 120 900 °C/0.5h - AIR COOLED
A12T180 180
A12T240 240

CORROSION TEST FOR OPTIMUM
SOLUTIONIZING DURATION

l

Phase 2 Effect of solution temperature
. Solution Duration
Specimen ID .
temp. (min)

A10T120 1000°C

A11T120 1100°C .

AL2T120 1200°C 120 900 °C/0.5h - AIR COOLED
A13T120 1300°C

CORROSION TEST FOR OPTIMUM
SOLUTIONIZING TEMPERATURE

Figure 7 Experimental Matrix and Flow Chart Showing the Sequence of The Heat Treatment and Corrosion Testing
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3.1.3 SAMPLE PREPARATION & HEAT TREATMENT

Cold hardened super austenitic stainless steel (SASS) was produced with a composition of
26.7 wt% Cr, 32.8 wt% Ni, 4.4 wt%Mo, and 0.9 wt% Cu. After being cut into the necessary
size sections, the samples were then solution annealed as illustrated in section (2.3). The
solutionizing heat treatment was carried out in a tube furnace (GSI-1700X, MTI, USA) to
remove all oxide layers left behind from the heat treatment, all heat-treated samples were
grinded using SiC papers with grit sizes ranging from 240 to 800. The samples were then
polished to have mirrors-like surfaces in preparation for characterization and corrosion

testing.

3.1.4 SAMPLE PREPARATION FOR CHARACTERIZATION

The polished samples were electrolytically etched in a solution of sulfuric acid,
hydrochloric acid, and ethanol to unveil the microstructure. The optical images were
captured using an optical microscope (Video, Microcombi, CMS Instruments,
Switzerland), and the measurement of the grain size was carried out using ImageJ image
analysis software [16]. An X-ray diffractometer (XRD, Rigaku MiniFlex, Japan) was
utilized with Cu K radiation (y = 0.15416 nm), a tube current of 10 mA, and an
accelerating voltage of 30 kV to study the structural changes. the microstructural
development resulting from the various heat treatment conditions was examined using an
emission scanning electron microscope (SEM, JEOL, Japan) with an accelerating voltage
of up to 20 kV coupled with an energy-dispersive X-ray spectroscopy (EDX) silicon drift

detector (X-MaxN, Oxford Instruments, UK).
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3.1.5 ELECTROCHEMICAL CORROSION MEASUREMENTS

Electrochemical corrosion measurements were conducted to reveal the corrosion behavior
and the effect of the adopted heat treatment conditions. A three-electrode system was
utilized for the corrosion test wherein the samples served as the working electrode, an
Ag/AgCI electrode was used as the reference electrode and a graphite rod was utilized as
the counter electrode. For the evaluation of the optimum solutionizing duration and
temperature the corrosion behavior of all samples was studied in chloride environments by
employing 3.5% (0.6 M) NaCl aerated solution under ambient conditions using a flat
sample with a dimension of 30 x 30 x 5 mm. The exposed area for corrosion study is 2.85
cm? and an immersion duration of 1 h for the system to attain steady-state condition during
which the Open Circuit Potential (OCP) was measured and before the commencement of
other electrochemical tests. The electrochemical measurements were conducted using a
Gamry potentiostat (Model 600, Gamry, USA). Potentiostatic Electrochemical Impedance
Spectroscopy (EIS) measurement was carried out by applying a sinusoidal excitation
voltage of 10 mV and acquiring the impedance responses over a frequency range from
10° to 10 ! Hz. Similarly, the Linear Polarization Resistance (LPR) measurement was
conducted over a voltage range of £ 25 mV against the OCP with a scan rate of 0.125 mV/s.
The corrosion resistance is directly proportional to the slope of the LPR curve and is often
used to estimate the corrosion current density (lcorr) according to the Stern Geary
relationship as in Equation (3.1.5-1) [17], [18]. Accordingly, the polarization resistance
(Rp) was obtained from the slope of the LPR curves while the lcorr and corrosion rate (CR)

were then obtained from Equations [3.1.5] 1 and 2, respectively [17], [18].
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L B
" = 2303 Ry (Baffo)

(3.1.5-1)

Where Ry, is the polarization resistance obtained from the LPR slope, and fc and Sa are the

cathodic and anodic Tafel constants taken as + 0.12, respectively.

o 0131l oo XEW
p

(3.1.5-2)

Where p is the density, and EW is the equivalent weight of the UN08029 alloy. The Cyclic
Potential Dynamic Polarization (CPDP) measurement was carried out as per ASTM
standard guidelines [19]. The CPDP test involves perturbing the system from an initial
potential of —0.5 V against the OCP with a forward scan rate of 0.5 mV/s until an apex
current or voltage of 5 mA/cm? or 1.5 V, respectively, whichever is first reached. Then a
reverse scanning is conducted at a scan rate of 0.5 mV/s until a final potential of 0.5 V
against the OCP is attained.

The EIS data were fitted with an equivalent circuit (EC) to enumerate the various
parameters useful in further understanding the electrochemical behavior of the solutionized
samples. The EC consisted of a constant phase element accounting for the non-ideal
capacitive behavior of the electrical double-layer (CPEa). The CPEq is connected in
parallel with the surface resistance to charge transfer (Rct). Both CPEg and Rt are further
connected serially to the resistance of the oxide films (Rf) and a constant phase element
(CPEs) which accounts for the capacitive properties of the oxide film. The solution
resistance (Rs) is connected in series with the Rs and CPE¢ elements. The EC used in this

study is well described as Model C in [20] and it is the most famous EC used to fit EIS
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data of stainless steels [21]-[23]. The chi-square or the goodness of fit (x?) is usually
utilized to access the agreement between the experimental and simulated data, and the
lower the »? the better the agreement and the more reliable the obtained parameters from
the fitting. In general, 2 value of 103 and lower is accredited to a better quality of the EIS
fitting [24]. In this study, the goodness of fit (y?) values were found to be about 10, which
signifies an appropriate equivalent circuit choice. The constant phase element (CPE),
which has been widely used to model surfaces with oxide films and the numerical
relationship is well documented [20], [25], [26]. was employed to account for the deviation
from ideal capacitive behavior caused by the heterogeneous nature of the inherent surface
oxide film formed on stainless steel when exposed aqueous environment [18]. The
electrical impedance of a CPE can be calculated according to Equation (3.1.5-3) [18], [20].

1

Zcpg = W (3.1.5-3)

where Q is a frequency-dependent real constant (Q* s%), n is the quantity that represents
the deviation from ideal capacitive behavior, w is the angular frequency (w = 2rf rads™).
When n approaches unity, an ideal capacitive behavior is observed and Q is equivalent to

the film capacitance.

3.2. RESULTS AND DISCUSSION

3.2.1 CHARACTERIZATION OF HEAT-TREATED SAMPLES

Figure 8 shows the optical micrograph and SEM images of the as-received sample that
demonstrate the deformed columnar grains produced through the cold-rolling operations.

The sample has clearly undergone significant distortion from rolling since the boundary
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between the distorted grains is nearly invisible in the vertical direction which making it

very difficult to etch the sample.

SEl - 20kV x1000 SOpm

Figure 8 (a) Optical image (b) SEM image of the as-received (Alloy 29)

Optical micrographs and their grain sizes distribution of solutionized samples at 1200°C
for various durations to investigate temperature effect are presented Figure 9 & Figure 10.
The as-received alloy which possesses deformed and elongated grains began to
recrystallize into equiaxed grains of various diameters as shown in Figure 9 for (30, 60 and
90 min.) & Figure 10 for (120, 180 and 240 min.) respectively. As shown in both Figure 9
(d-f) & Figure 10 (d-f), which represents the grain size distribution as a function of
solutionizing duration, study of various optical micrographs confirms that there is grain
expansion that occurs in conjunction with the rise of solution duration.

About 77% of as-received alloy columnar gains are below 99 um while 23% between 100-
199 um. Equiaxed grains of A12T30, solutionized sample for 30 min. shown about 15%
increase in average grain size, consist of around 69% gains below 99 um, 25% between

100-199 pm and less than 6% grain size between 200-299 um.
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Figure 9 (a-c) Optical images (d-f) grain size distribution of solutionized samples (a,d) A12T30,
(b,e) A12T60 and (c,f) A12T90

Higher solutionizing duration of A12T60 & A12T90 resultant further grain size growth
about 49% & 58%, respectively in comparison with as-received grains. However, gains
below 99 pum are 61% & 59% for A12T60 and A12T90 respectively. Moreover, about 30%
grain size between 200-299 for both samples. While grain size more than 200 are 7% &
12% for A12T60 and A12T90 respectively as proven gain boundary growth for heat-

treated samples.
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Figure 10 (a-c) Optical images (d-f) grain size distribution of solutionized samples (a,d)
A12T120, (b,e) A12T180 and (c,f) A12T240

It is observed that solution annealing for 120 min. (A12T120) have significant impact on
average gain size. A12T120 has about 50% & 110% higher average gains than A12T90
and as received samples. Heat-treated sample for 120 min. consists of 45% below 99 um,
32% between 100-199 pm, 11% between 200-299 um and 12% higher 300 um. Similarly,
further treatment for 3h (A12T180) and 4h (A12T240) resultant increase of average grain

size by 154% & 190% respectively in comparison with as-received. Both samples contain
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no more than 16% grains below 99 pm. A12T180 found to have 43% between 100-199
pum, 31% between 200-299 um, 6% between 300-399 um and 3% higher than 400 pm. In
other hand, a further growth developed in A12T240 sample as it consists of 48% between
100-199 pum, 20% between 200-299 pum, 4% between 300-399 pm and 12% higher than
400 um. Table 5 summaries the average gain size of as-received and heat-treated samples
as function of solutionizing durations. The grain growth with solutionizing duration can be
associated with particle coalesce due to increased thermal energy by diminishing the grain

boundary area per unit volume [15], [27].

Table 5 Average gain size of As-received and heat-
treated samples as function of solutionizing duration
Average Grain % Change with respect

Sample ID

Size (um) to As-received sample
As-received 84 -

A12T30 97 15%

A12T60 125 49%

A12T90 133 58%
A12T120 176 110%
A12T180 213 154%
A12T240 244 190%

Figure 11(a1,b1, and c1) & Figure 12(a1,b1, and c1) are the SEM images of heat-treated
samples. Images show similar grain growth behavior from 30 min to 240 min duration at
1200°C. low magnification images reveal appearance of C- rich precipitates (black) inside
the grains as well as at grain boundaries. Solutionized sample for 30 min. (A12T30) has
more precipitates concertation as shown in Figure 11(ai), while further increment in
annealing duration a notable reduction of precipitates inside the grains as shown in Figure

11(by, and c1) for A12T60 & A12T90 respectively.
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Figure 11 (a-c) SEM images which reveal grains arrangement of solutionized samples (ai,a2) A12T30, (b1,by)
A12T60 and (c1,c2) A12T90
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Figure 12 (a-c) SEM images which reveal grains arrangement of solutionized samples (ai1,a;) A12T120, (b1,by)
A12T180 and (c1,c2) A12T240
In other hand, Figure 12(a1,bs1, and c1) shows almost no precipitates inside the grains and
not visible at grain boundaries. As seen in Figure 11(az,b., and c2) & Figure 12(az,bz, and
C2), the higher-magnification SEM images demonstrated the existence of precipitates. The

precipitates tend to separate out in isolation with a granular shape at grain boundaries
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primarily (30-60 min), and then grows along the grain boundaries (90 -120 min) as the time
goes on. Finally, it starts to arise in grain interiors with a needle-like morphology for sigma
phase and spherical morphology for carbide phase (180 — 240 min) when all the grain
boundaries are covered with intermetallic phases. This indicates that the transition from
intergranular to intragranular precipitation is not an accident but an inevitable result closely
related with the material itself. One thing to be noted is that the detailed SEM observation
reveals that the phase in grain interiors is, more precisely, lamellar structure rather than
needle-like showing the micro-structure interfaces at grain boundaries and in grain
interiors, indicate that the intermetallic phase and the austenitic phase, in any cases, adopt
an incomplete coherent relationship. This is due to the different crystal structures and
lattice constants between the and phases as confirmed by Yan Jiang et al [2]. Additionally,
it is well known that the morphology of a new phase formed during a solid-state phase
transformation is determined by the competition of interface energy and strain energy,
which acts as resistance to nucleation [2]-[7]. For the phase at grain boundaries, the
interface between the and phase is noncoherent, where the grain boundary grows from
nuclei, which do not have a coherent interface with the matrix, and exhibits no definite
orientation with either grain [2]-[7]. As a result, the phase at grain boundaries contains a
low density of stacking faults in comparison with lamellar precipitating within the grains,
and hence, the precipitation process at grain boundaries is dominated by the interface
energy, derived from a high chemical energy change and a low matching degree to form
nuclei. In this way, the crystal nucleus of phase here is similar to a sphere [1]-[3]. Due to
the criterion of minimum energy path and the effect of boundary diffusion, the nuclei at

grain boundaries elongate and thicken quickly and result in isolated particles in consistent
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with the experiment result of this work. As for the ones in grain interiors (de-attached
carbides and sigma phases), the interface is semi-coherent the elastic strain yielded to
sustain the coherent interface finally leads the precipitation process and the nucleus tends
to be a thin sheet. Since the nucleus grows along the close alignment direction of matrix,
the phase in grain interiors finally have a lamellar structure [1]-[3]. With regard to the
phenomenon of the intergranular precipitation occurring prior to the intragranular
precipitation, this can be explained by the huge defects in grain boundaries, which can
facilitate the precipitation of phase in three ways: firstly, the grain boundaries can act as
high-energy nucleation sites and stimulate a lower nucleation energy for the intergranular
precipitation as compared to that for the intragranular precipitation [2]-[7]. Furthermore,
the grain boundaries can act as a collection plate of solute atoms, which induce the
segregation of phase forming elements like Ni, Fe, Cr, Mo in the vicinity of grain
boundaries and a higher degree of supersaturation at grain boundaries finally results in an
increased nucleation rate of phase. Last but not least, the diffusion rates of phase forming
elements within the austenite grains are greatly lower than those along grain boundaries
for the abundant vacancies in grain boundaries. All the three reasons make the phase take
longer time to nucleate and grow up in grain interiors [2]-[7].

EDX analysis of various precipitates reveal that they are mostly carbides and sigma phase
as demonstrated in EDX spectrum samples in Figure 13 (a, b and c) where the average
qualitative analysis of elements summarised in Table 6. The carbide is more spherical than
the o-phase, which has a more needle-like form. The sigma phase has a lighter Gray

appearance due to its high concentration of Cr and Mo [28].
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Table 6 EDS analysis showing the average elemental composition of
the phases for various samples

Phase Cr Ni Mo Fe

y 27.7 32.8 45 33.9

o 32.8 29.3 6.6 30.2
Carbide (M23Cg) 351 198 126 304

Additionally, twin boundaries can be seen in optical micrographs (shown with arrows in
Figure 9,10 & 14). The twin boundaries are a special case of a large angle grain boundary
whereby there is no misalignment of atoms and thus adjacent planes are mirrored across
the boundary. The twin boundaries are found to increase with solution inning duration as
evident from the optical images as well as from the SEM images in Figure 11 & 12.

Optical micrographs and their grain sizes distribution of heat-treated samples for 2h at
various temperatures to investigate duration effect are presented Figure 14. When
compared to the microstructure of the as-received sample, the sample solutionized at
1000°C (Figure 14(a-e)) is identical but has larger and clearer defined elongated columnar
grain boundaries (shown in Figure 8(a)). This is evidence of the equiaxed microstructure’s
recrystallization process. Heat-treated sample for 120 min (A10T120) consists of only 17%
grain size below 99 um while as-received sample has 77% at same category. Moreover, a
45% between 100-199 um, 16% between 200-299 um and 6% higher than 300 pum. As
A10T120 sample has not been recrystallized into equiaxed grains, it should be emphasized
that a direct comparison with other solutionized samples is not accurately possible. Hence,
the samples that were solutionized at 1100°C, 1200°C, and 1300°C have all been entirely

recrystallized, allowing for a comparison of grain size.
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As demonstrated in (Figure 14(b-f)), further raising the solutionizing temperature to
1100°C caused the cold role columnar grains to fully recrystallize and become equiaxed
with fine & smaller in size grains. Only 7% of grain size between 100-199 pm while
remaining 96% are below 99 pum. It is observed that A11T120 is the only solutionized
sample has lower average grain size than as-received sample by about 29%. Further
increase in annealing temperature resultant in higher grain size as shown in (Figure 14(e,g))
& (Figure 14(d,h)) for A12T120 and A13T120 respectively. As mentioned earlier, Heat-
treated sample for 120 min at 1200°C. consists of 45% below 99 um, 32% between 100-
199 pm, 11% between 200-299 pm and 12% higher 300 pum. Whereas, annealing for
1300°C have 29% below 99 um, 25% between 100-199 um, 19% between 200-299 um
and 29% higher than 300 pm.

Obtained grain size of A13T120 sample is shows an increase of average grain size by 218%
& 52% in comparison with as-received and A12T120 respectively. Table 7 summaries the
average gain size of as-received and heat-treated samples as function of solutionizing
temperature. In addition, at a constant dwell duration of 120 min, an increase in the
solutionizing temperature will induce an increase in the thermodynamic driving force and

Kinetic activation energy which accelerate grain coalesces and growth [2].
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